Introduction
The peripheral arterial disease ( PAD) is common in patients with diabetes and is a major risk factor leading to lower extremity amputations. Beyond morbidities. PAD significantly increases the risk of mortality from coronary and cerebrovascular events (Cri qui, 200 1). Investigation of arterial physiology is crucial in reducing the morbidity and mortality caused by PAD. Correction of arteri al stenosis using stents can maintain patency in affected vessels: however, these devices are susceptible to mechanical problems, For example, the structu ral fram e of the stem can frac ture, broken struts can lead to thrombus formation, or the entire stent can migrate in the vasculature. The incidence of fractures corresponds to the length of the stented segment and the number of implants (Scheinen et al" 2005 ) . This may be innuenced by stress concentrations at the device-artery interface imposed by axial shortening and elongation during activities of daily living. Nitinol s tent fractures have been observed more frequently in patients with PAD who walked more than 5000 steps a day compared to those patients who did not exercise (p=0.0027: lida et al.. 2006) . This higher rate of stent fracture could be related to mechanical fatigue as a result of repetitive arterial deformations.
Movement of the skeleton is not only an issue with stented arteries. but also joint excursions can have a direct impact on vascular grafts. Considering the arterial anatomy and joint mechanics, vascular tissue must withstand axial demands placed on blood vessels. This arterial shortening and elongation can directly influence the design of vascular grafts, both at the macro-level (as with stents) and at the micro-level where cells respond to oscillatory stresses. Studies imposing cyclic strain on cell-seeded constructs have shown that mechanical stimulation is an essential regula tor of remodeling in tissue-engineered vessels (Seliktar et .11.. 2003 ) . Controlled axial strain is considered vital in the conditioning of tissue engineered vascular grafts ( Mironov et <11.. 2003 : Gleason et al .. 2004 . Lack of compliance in synthetic vascular grafts is associated wi th intimal hyperplasia (thickening of the tunica intima) around the suture line (Ballyk et .11.,1998) . Therefore. implant ax ial compliance is crucial for accurate repro duction of physiological conditions.
Modem vascular implants do not replicate the mechanical proper ties of the native tissue. and provide undesirable stress concentrations at their interface. Specific<1l1y, physiological compliance of arteries in the longitudinal direction is not equivalent to those of synthetic devices. Metal alloy stents are stiffer than the vascula r tissue and do not match the properties of a diseased vessel. For vascular grafts, the graft-vessel junction may be a potential site where compliance of the graft does not match the arterial compliance. Axial shortening and elongation may therefore play an important role in implant failure. Following stent placement in a given artery such as the femoropo pliteal segment, the stented portion of the artery experiences less shortening than an unstented segment during hip and knee joint flexion. An unstented artery will shorten and/or bend more to accommodate a more rigid and stented portion of the femoropopliteal artery. With overlapping stents, the stiffness of the arterial segment is further increased. The bare portion of the artery may shorten more during flexion (Smouse et al., 2004) , causing an uneven loading distribution that may lead to earlier implant failure.
Several imaging approaches have been used to describe arterial mechanical behavior. For example the superficial femoral artery (SFA) was examined using gandolinium-enhanced mag netic resonance angiography (MRA) during musculoskeletal manipulation involving knee and hip flexion. SFA shortening measured with this technique reached 13711% (p o0.001) on average with a maximum of 25% under extreme knee and hip flexion (Cheng et al., 2006) . Under knee and hip flexion manip ulation, producing similar angles to those seen during normal gait, the SFA experienced 6.971.9% shortening with a greater percentage coming from the distal third of the SFA (8.1 72.0%), closer to where knee flexion was occurring (Cheng et al., 2010) . The iliac arterial length was found to be the most affected by flexion in the hip joint. The common iliac artery was evaluated similarly, and shortening of the iliac artery (2.2-5.2%) was observed when contorting the human body from a supine to the fetal position, thus exaggerating hip flexion (Choi et al., 2009a (Choi et al., , 2009b . While arterial properties determined using imaging are valuable, the standard deviation for such approaches is large and the results are dependent on the imaging equipment quality and resolution.
Other techniques used to determine arterial properties include (i) performing in situ stretch measurements and (ii) comparing the artery length before it is excised from an animal or cadaver with the length of the ex situ artery. The main limitation of these methods is that the arterial data acquired is specifically for nonload bearing weight activities, and does not accurately depict the artery during every day activities.
Since vascular implants are intended to be subjected to a range of loading conditions associated with routine activities of daily living, this study focused on (i) using a non-invasive approach to quantifying arterial stretch and (ii) developing a method that was allowed for dynamic activities to be assessed without the need for additional imaging. The goal was to quantify biomechanical parameters that could improve implant performance and dur ability. This study provided a means for comparing kinematic quantification of the femoropopitial and iliac shortening/elonga tion for the following configurations: 1) gait, 2) ascending a step, and 3) sit-to-stand.
Methods
Motion data were obtained at 60 Hz, using an eight-camera motion capture system (Motion Analysis Corporation, Santa Rosa, CA), for upright standing, normal gait, stair climbing, and progression from sitting to standing positions in accordance with protocols approved by the Institutional Review Board. Lower extremity joint angles were calculated from the post processed data for compar ison purposes using the Motion Analysiss Orthotrak software. The analysis involved the following two steps: 1) inverse kinematic analysis to solve joint angles based on marker coordinates and 2) forward kinematic simulation, using these joint angles, to compute artery length change during movement. Eleven subjects, seven male and four female, performed the aforementioned activities. The tracked data for the first four patients were loaded into SIMM (Software for Interactive Musculoskeletal Modeling, V.4.1, MusculoGraphics, Inc., Motion Ana lysis Corp., Santa Rosa, CA), and the remaining data was loaded into OpenSim (V.2.2.1) (Delp et al., 2007) to scale a musculoskeletal model. Realistic geometrical constraints were set on ''muscle objects'' by conforming their length and orientation to the motion of the joints (Delp and Loan, 1995) . Objects created as muscles and placed in the location of an artery followed similar geometric rules.
The model was modified to include representatives of the iliac, femoral and popliteal arteries ( Fig. 1) , following their general anatomic route. The main bifurcations were modeled as origin and insertion. Resting lengths of the model arteries were defined with the body in the upright standing position. The iliac artery was fixed at the fifth lumbar vertebrae, the location of aortic abdominal bifurcation. It then curved along the pelvic brim and passed under the inguinal ligament to become the second model artery: the femoropopliteal arterial segment. The main branching of the femoral artery near the lesser trochanter of the femur was set as a fixed point. In the popliteal fossa, the artery was deep near the femur and more superficial along the tibia. The femoropopliteal arterial segment was fixed at the bifurcation of the tibial arteries.
The described anatomy defined the static origin, whereas joint motion governed the change in length. The simulation was geometrical and was independent of regional properties within the arterial segments. The Motion Analysiss data defined the joint kinematics data and the internal body structures conformed to the orientation of the bones. Hip and knee flexion angles were more specifically looked at Fig. 2 , and for this continuous arterial model, the arterial length was predicted in all subjects as a function of upright standing, walking, stair climbing, and sitting-to-standing using SIMM and OpenSim.
The static length was considered to be the length of the artery when the body is in the upright standing position. Axial shortening and elongation were calculated as the percent length change less than or higher than the static length, respectively. In some activities, elongation did not occur. All measurements are provided as means7 standard deviation. Regression and ANOVA analysis using Minitab Statistical Software (Minitab Inc., State College, PA, USA) was used in Plots from the SIMM model of arterial length as a function of time for subject 2. The length shown is the total artery length, which was found by summing arterial length from each arterial segment for each point in time. The extremes of the iliac and femoropopliteal arteries did not usually occur at the same instant in time; therefore this total was not a simple addition of extremes. The resting arterial length of the combined iliac artery and femoropopliteal arterial segment is shown as the bold dotted horizontal line in each graph.Arterial length as a function of time is displayed for (A) walking, (B) stair climbing, and (C) progressing from a standing to a sitting position. References describing movement and points of 901 flexion of the hip and/or knee are provided. The markers for motion are as follows: HS indicates heel strike, TO indicates toe-off, and TC indicates toe contact. Stepping from level ground (LG) to one step (S) is specified on the time axis.
Results
The focus of the current study was on (i) modeling key physical (i.e., anatomical and kinematic) characteristics of lower extremities during various activities of daily living and then (ii) using the model to simulate global changes in arterial length for each activity. Descriptive statistics for height, mass, and age are summarized in Table 1 . Height ranged from 156 to 190 cm, mass ranged from 54.2 to 99.5 kg, and age ranged from 23 to 69 years old. When comparing the arterial shortening percentages observed between the male and female subjects, there was no significant difference in iliac or femoropopliteal arterial shortening. Additionally, according to the models, there was no variation in arterial shortening of either vessel relative to the subject's age. Gait (8.370.6%), stair climbing (11.972.2%), and the sitting and standing motion (14.773.8%) all exhibited significant short ening of the femoropopliteal arterial segment among the 11 subjects relative to the static length obtained from upright standing. Some elongation was seen in each activity, but not with any consistency among the subjects (Table 2) . Elongation values ranged from 0 to 0.9% for gait, 0 to 0.6% for stair climbing, and 0 to 1.0% for sitting/standing. In comparison to the average static length of the femoropopliteal artery (43.1 cm), the elongation percentages of less than 1.0% (approximately 0.4 mm) showed that elongation was not a common characteristic of the femor opopliteal artery during these activities of daily living; there were multiple subjects in each activity that did not experience any calculated arterial elongation at all.
The iliac arterial segment experienced a similar trend of shortening during gait (5.671.0%), stair climbing (12.872.0%), and sitting and standing (16.0 71.9%), but also had measurable elongation (gait: 4.671.5%; stair climbing: 3.6 71.7%; sitting/ standing: 1.471.6%) compared to the static arterial length (Table 3 ). The elongation observed for the iliac artery ranged from approximately 0.4 mm of stretch during sitting/standing, to 1.2 mm elongation during normal gait for the 11 subjects tested.
The femoropopliteal arterial region shortened as much as 23% (9.8 cm) and the iliac arterial segment had a maximum short ening of 21% (5.3 cm) during the prescribed activities of daily living. As expected, both overall maximum arterial shortenings occurred during the sitting and standing activity when hip and knee joint flexion angles were at their highest values. The percent shortening of the iliac arterial region compared to the maximum hip flexion angle during the various activities showed a strong correlation (r 2 ¼0.9), and can be described by Eq. (1), where I shortening is the iliac shortening and yHF max is the maximum hip flexion angle. The femoropopliteal arterial region shortening and maximum knee flexion angle also exhibited a strong correlation (r 2 ¼0.8) shown by Eq. (2), where F shortening is the femoropopliteal shortening, and yKF max is the maximum knee flexion angle.
%F shortening ¼ ð0:0016ÞyHF max �0:0289
Discussion
Previous research has only looked at passive joint motion. The ability to relate external kinematics to internal tissue mechanics during activities of daily living provides a new perspective on the axial deformation properties of these arteries. The geometrical demands associated with daily activities illustrate the necessity for arterial compliance in the longitudinal direction. The flexions of the hip and knee joints have been found to have a significant impact on the shortening of the two arteries modeled relative to the static arterial length calculated while standing upright. Although the simulation does not reflect arterial properties, it estimates the mechanical burden on the arteries while the body is weight bearing and in motion.
The extent of shortening calculated from the SIMM and OpenSim model is informative, demonstrating femoropopliteal shortening as much as 23%. This is comparable to the 20% mean shortening of the popliteal artery observed by radiograph in vivo during knee flexion (Browse et al., 1979) and approximately 25% shortening of the popliteal arterial axis based upon radiologic findings and theoretical calculations during 901 knee flexion (Vernon et al., 1987) . Compared to the joint motions looked at previously (Smouse et al., 2005) , the computer software models showed similar arterial shortening in the femoropopliteal segment. For gait-like angles approximately 9.3% femoropopliteal artery shortening and for sitting and standing or stair climbing roughly 15.7% shortening was observed. Compared to the 8.3% shortening observed from the gait activity and 13.3% shortening from the combined sitting/standing and stair climbing in this study, the computational model appears to be a valid resource for estimating femoropopliteal artery axial deformation.
However, it is difficult to do a true comparison due to the fact that the data presented by Smouse et al. (2005) is much more localized by breaking down the femoropopliteal artery into three segments: mid-SFA, distal SFA, and popliteal . The SIMM and OpenSim models estimate a regional rather than local shortening and elongation. The model provided a means for quantifying the significant factors for vessel mechanics during day to day activities, but the model had some limitations as well. The model is intended to represent the femoropopliteal and iliac vessels; however because of the complexity of the vasculature the model assumed the vessel curvature as a straight line following the path of the muscle. The simulation does not account for bending, axial twisting motion, or branching that is present in these vessels during gait, ascending stair, and sit-to-stand activities. Arterial bifurcations in vivo would have external forces acting on each branch, resulting in complex stresses, while iliac artery axial deformation appears to be less conclusive based on the limited data available. For the most part, the former research looked at only the common iliac artery, while the SIMM and OpenSim model looked at the continuous segment of the common iliac artery and the external iliac artery. The model in its current form does not account for pathologi cal states. In diseased vessels, the atherosclerotic lesion is not as distensible as normal vascular tissue (Giannattasio et al., 2001 ). The calcified plaque requires compensatory axial compliance from the adjacent healthy vascular segments to submit to the geometric demands imposed by locomotion. It was shown in cadaveric studies that examined lower limb extremity move ments and their effects on stenting that longer and more rigid stents severely compromised the ability of the SFA or popliteal artery to axially compress (Smouse et al., 2005) . In addition, arteries associated with PAD experience other deformation changes that may have a potential impact on stent failure. The diseased artery has stress concentrations around plaques and implants due to the abrupt change in properties. The model used in this study does not take into account these potential changes in mechanical properties of the arteries throughout its length; rather it assumes uniformity spanning the entire length of the vessel.
Both vessel curvature and axial twist are not calculated from the SIMM or OpenSim software. The amount of vessel curvature is affected by the surrounding tissue support and vessel compliance. Changes may be observed in this curvature as a result of pulsatile or nonpulsatile forces that produce a bending moment in the artery. Axial twisting of the vessel is a result of specific muscu loskeletal movements or cardiac pulsatility which can produce a torsional moment (Choi et al., 2009a) . Curving on the inner surface of the bending popliteal artery [15] , morphological changes occurring in the femoral artery during knee flexion (Cheng et al., 2006 (Cheng et al., , 2010 Choi et al., 2009b; Smouse et al., 2005) , and the tortuosity of the vessel being dependent upon age (Wensing et al., 1995) have all been noted.
The results provided in this study demonstrate that the kinematic model approach has potential for further exploration of the arterial mechanics under load bearing conditions. Future work involves acquiring a larger population and sample size, specifically because the motion analysis markers tend to move during data capture due to 1) soft tissue artifact, 2) difficulty of finding the bony landmarks, and 3) specific challenging positions such as near the hip (Andriacchi and Alexander, 2000; Stagni et al., 2005) . The calculations in this study showed that age was not a factor for influencing shortening or elongation; however due to the limited subject data, a larger sample size would be needed to determine the true impact of age.
Other future work includes a validation of this technique by comparing it to imaging (ultrasound/x-ray, CT) on a flexed and straight leg. The imaging can also be used to provide more detailed anatomical reference markers such as exact centerline and curvatures of the vessel that may then be implemented into the model. Exploration of how to incorporate buckling, torsion, and twisting motion is still under consideration and future work will investigate these issues. Nevertheless, predictions from the model suggest that lower extremity arteries undergo substantial axial shortening, and that stent and vascular graft designers should be cognizant of these biomechanical demands. This simulation provides a reference point for investigating the effects of axial shortening due to joint mechanics as an addition to distension due to hemodynamics.
Conclusion
This study provided data for vessel shortening while the patient performs activities of daily living. These activities could vary for different populations (athletes, astronauts, elderly, unhealthy patients), and therefore could directly impact how the disease progresses. Through innovative software modeling and analysis, the shortening and elongation could be captured for the iliac and femoropoliteal vessels, compared to previous studies where a collection of images at one angle with one perspective was used to obtain measurements. The results were comparable for the femoropopliteal position and can assist device design developers to accurately accommodate arterial mechanical beha vior on vascular implants.
